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Abstract 
Study of stress wave is of great significance to investigate the formation mechanism of manufacturing defects and 
nondestructive testing technology. Aiming to reveal the characteristics of stress wave propagation of carbon fiber/epoxy tows in 
high-speed automated fiber placement (AFP), in this paper, stress distribution and strain energy density (SED) of laying tows are 
calculated using the finite element method (FEM). The waves velocity and waves equation of carbon fiber/epoxy composite are 
obtained using the least square method and numerical analysis. Furthermore, characteristics of stress wave propagation under the 
different processing parameters and laying time are presented, and laws of peak and stability of stress waves response to different 
compaction force and laying speed are discussed. Finally, a group of processing parameter (S=33m/min, F=300KPa) is 
determined which could control the stress waves and release the strain energy efficiently. 
© 2016 The Authors. Published by Elsevier B.V. 
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1. Introduction 
Carbon fiber/epoxy laminates, which include a series of the 
properties such as light weight, anti-fatigue ability, high 
specific strength, are widely used in the aerospace industry [1]. 
Automated Fiber Placement (AFP) is used on complex 
surfaces and utilizes single or multiple narrow, slit tapes or 
tows to make up a given total prepreg band width, their 
productivity is 5-20 times higher than artificial fiber 
placement or semi-AFP [2].The production machines are 
concerned that how to guarantee the better production quality 
in rapid manufacturing at present [3]. Some advanced AFP 
machines produced by MAG CINCINNATI, INGERSOLL, 
MTORRES, which have the ultimate laying speed about 50-
60 m/min [4]. In this paper, the high-speed mean that laying 
speeds are greater than 27m/min. 
The laying tows are affected significantly by the coupling 
of a variety of stress waves in high-speed AFP process. The 
transfer, convergence and reflection of stress waves would be 
able to generate the different manufacturing defects. 
Therefore, the reduction of the peak and the increase of the 
stability of stress waves can reduce the possibility of the 
formation of manufacturing defects. More importantly, the 
manufacturing defects could be identified by detecting the 
characteristics of stress waves, this process is called 
nondestructive testing (NDT). Wang and Chen [5] presented a 
theoretical and experimental investigation of the scattering 
behavior of extensional and flexural plate waves by a 
cylindrical inhomogeneity. The scattering behavior model was 
established which can characterize the interaction of plate 
waves with damages. Guy [6] used finite element and 
experimental method to reveal the interaction of the Lamb 
waves with the defects, which provides a feasible method for 
identifying the extent of damage with the plate-like composite 
structure. Thus, the identifying characteristics of the 
propagation process of stress wave along the tow have 
important implications for the application of NDT in high-
speed AFP process. 
© 2016 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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For the characteristics of stress wave propagation in the 
materials, many scholars have conducted a series of research. 
Some studies [7-9] showed that the velocity of stress wave 
propagation and the amplitude of particle vibration are closely 
associated with material properties. Zhuang [10] first 
investigated the influence of interface scattering on finite-
amplitude shock waves by impacting flyer plates. Tasdemirci 
A [11-13] studied the characteristics of propagation and 
distribution of stress wave in multi-layer composites made of 
metal, ceramics and EPDM rubbers. The previously 
mentioned researches focused on the transfer process of stress 
waves under a single non-continuous load in the composites, 
however, the process of high-speed AFP includes a series of 
complex loads and diverse types of stress waves, and there are 
some limitations that the characteristics of stress wave 
propagation are revealed using one or two dimensional stress 
wave model. 
In this paper, to control stress wave and energy efficiently 
in high-speed automated fiber placement (AFP) process, 
characteristics of stress wave propagation under continuous 
impact for carbon fiber/epoxy composites are studied. The 
rest of this paper is organized as follows. In section 2, the 
strain energy density (SED) of meso-mesh in the laying tows 
are analyzed, the effect of the stress waves on the whole 
energy distribution is found under the different processing 
parameters. In section 3, wave velocities of carbon 
fiber/epoxy composite are calculated using the least square 
method. Lastly, the characteristics of stress wave propagation 
are revealed under the different processing parameters, the 
most advantageous processing parameter is assessed by which 
has the lower peak and superior stability. 
2. Strain energy density 
The strain energy density (SED) which varies with 
processing parameters are closely associated with the 
formation and expansion of defects in the process of AFP and 
service of composites [14]. There are two main sources of 
SED in AFP process, one is the sharp accumulated energy 
under the compaction force of the nip roller. The other is the 
transfer, convergence, reflection and accumulation of stress 
waves through the medium. The carbon fiber/epoxy 
composites are anisotropy materials, which is a complex 
process for researching on their stress waves. Furthermore, 
high-speed AFP is a manufacturing method of continuous 
impact with a variety of types of stress waves, which 
enhances the complexity of this study. High-speed pre-heating 
AFP process and several major stress waves are shown in 
Fig.1: 
 
Fig.1 High-speed pre-heating AFP process and several major stress waves 
In Fig.1, the AFP process, some types of stress waves and 
their propagation paths are listed including shock wave, 
loading wave, and unloading wave. According to propagation 
direction, there are shear wave (S-wave) and primary wave 
(P-wave). In this figure, I is P-wave and S-wave synthesized 
by several waves, II is reflection waves of interlamination, 
and III is unloading waves. 
Mechanical properties of a carbon fiber/epoxy prepreg are 
shown in Table 1: 
Table 1. Mechanical properties of a bisphenol A epoxy matrix prepreg. 
Density E1 E2,E3 v12,v13 v23 G12,G13 G23 
1.49 
g/cm3 
121 
GPa 
8.6 
GPa 
0.27 0.4 
4.7 
GPa 
3.1 
GPa 
where E1, E2 and E3 is the modulus of elasticity in the 
different directions. v12, v13 and v23 is the poisson’s ratio in 
the different planes. G12, G13 and G13 is the shear modulus 
in the different planes. 
SED of a mesh is calculated using finite element method 
(FEM). Firstly, FEM model is established which includes 
roller, prepreg tow and laminates in high-speed AFP. The 
laying speed is set as 27m/min, 30m/min and 33m/min 
respectively. The compaction force is considered to be 
150KPa, 200KPa, 250KPa and 300KPa respectively. In terms 
of laying speed and compaction, 12 groups of boundary 
conditions could be obtained. In this study, the simulation 
time is set to be 125μs. The bottom of laminates, which is 
formed by 4 unidirectional layers, are fully constrained. The 
actual length of lay-up tow is 280mm, and contact type 
between the laying tow and the laminates is set as rough. To 
analyze the characteristics of stress waves in a particular roll 
nip, choosing No.175 mesh which could be deemed to the 
feature unit (Fig.1) as the analytical object (Fig.2). 
 
Fig.2 FEM model and position of No.175 mesh in high-speed AFP process. 
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Stress distribution of the entire model and the laminates 
with laying speed of 27m/min and compaction force of 
200KPa are shown in Fig.3: 
 
Fig.3 Stress distribution of FEM model with laying speed of 27m/min and 
compaction force of 200KPa: (a) the entire model; (b) the laminates. 
No.175 mesh is pressed by roller directly which is an 
important feature unit in rolling region. The curves of SED in 
No.175 mesh are calculated as shown in Fig.4: 
 
 
 
Fig.4 Curves of SED in No.175 mesh under different processing parameters 
in AFP process: (a) 33m/min; (b) 30m/min; (c) 27m/min 
The time from the beginning of rolling to the ending of 
rolling is called the roll nip here. The SED are closely 
associated with the formation and expansion of manufacturing 
defects. The greater the peak the SED has, the greater the 
probability of the formation of defects. In Fig.4, the peak of 
the most SED in No.175 mesh is not inside the roll nip 
because transmission, convergence and accumulation of stress 
waves are not easy to release at higher level of energy. 
Therefore the effect of the propagation of stress waves on the 
peak of SED is more significant than that of the sharp 
accumulated energy under the compaction force of the nip 
roller. So the propagation of stress waves plays an important 
role in the formation of manufacturing defects. The next 
section, waves velocity will be calculated to study the 
characteristics of stress waves propagation in AFP process. 
3. Waves velocity 
The formula for calculating the wave velocity has a certain 
theoretical basis, however, these methods are only applicable 
to certain special situations [15-18]. Little literature is 
available for the calculation of wave velocity under the 
continuous load, especially the composite materials. For this 
problem, the least square method is used to fit the curve of a 
relatively pure stress waves. In the initial placement, the 
coupling of various waves are not strong, the simulation time 
is set to be 125μs and 40 frames, so the most original of the 
simulation results can be obtained in the 1 frame (i.e. 
3.129μs).The I wave is a relatively pure wave when the initial 
laying time is 3.129μs as shown in Fig5: 
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Fig.5 The waveforms under the different processing parameters with 3.129μs: 
(a)33m/min; (b)30m/min; (c)27m/min. 
The above figures show that the initial waveforms have the 
same trend basically which can converge to zero. The length 
of the tow with stress value of zero (i.e. the distance of wave 
propagation along the tow at a certain time) must be obtained 
to calculate the wave velocity. In this study, the distance of 
wave propagation is obtained based on acquired tendency of 
curves using fitting method. Thus four groups of waveforms 
are randomly selected to fit using the least square method 
under different laying speeds and laying time with 
compaction force as 150KPa. The selected two groups which 
include laying time of 31.29μs and 62.9μs are compared with 
the other two groups. The fitted curve and quadratic trend line 
are shown in Fig.6: 
 
Fig.6 The fitted curve and quadratic trend line of stress waves: (a) 33m/min, 
3.129μs; (b) 30m/min, 31.29μs; (c) 27m/min, 3.129μs; (d) 27m/min, 62.9μs. 
The waves equations (Eq.1) under four groups are obtained 
by least squares method, the power times is set as 8, and the 
constant coefficient of equation is set as zero from 4 times to 
8 times. Thus the highest power times is 3, see Eq.1: 
3 2
33,150,1
3 2
30,150,2
3 2
27,150,1
3 2
27,150,3
( ) 0.0003 0.0104 0.1999 2.1986
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( ) 0.0005 0.0231 0.5023 4.4964
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(1) 
where d is the distance of wave propagation along the tow. 
According to Eq.1, wave velocities of four groups are 
calculated by the numerical analysis. Corresponding to each 
group, wave velocity is 8299m/s, 830.6m/s, 8300m/s, 
412.9m/s, respectively. There are several explanations for this 
result. Since the I wave is made of coupling of a variety of 
waves and plastic velocity slower than the elastic wave 
velocity, the plastic wave gradually becomes the dominant 
position. In addition, the variety of the mechanical properties 
with local laying tow caused by rapid changes of the strain 
rate is also important reason for this result. Further, the 
distance of wave propagation is 25968mm, 25990mm, 
25972mm, 25974mm, respectively under the same simulation 
time of 3.129μs, which shows that they have the same 
positions of wave fronts basically under the different laying 
speeds and the same laying time with compaction force as 
150KPa. 
4. Characteristics of stress wave propagation 
In order to further reveal the characteristics of stress wave 
propagation under the different processing parameters. 
Hereinafter, the curves of the I wave propagation along the 
laying tow are calculated with laying speeds of 27m/min, 
30m/min and 33m/min respectively under the different 
compaction force and laying time. The curves of the I wave 
propagation along the laying tow with laying speed of 
27m/min are shown in Fig.7: 
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Fig.7 The curves of the I wave propagation along the laying tow with laying 
speed of 27m/min; (a) 31.29μs; (b) 62.9μs; (c) 93.79μs; (d) 125μs. 
In Fig.7, the propagation of the I wave have a higher peak 
and violent vibration with the compaction force of 200KPa, at 
the simulation time of 31.29μs. Further plastic deformation of 
the laying tow can cause the peak increasing and the 
vibration intensified. The I wave are gradually stable with the 
flying of the laying time, but the energy can always 
accumulate in the vicinity of nip point until the end of the 
laying. As can be seen from Fig.7, stress waves can be 
advantageous controlled with the compaction force of 150KPa. 
The characteristics of the I wave propagation along the laying 
tow with laying speed of 30m/min are shown in Fig.8: 
The laying speed of 30m/min shows that the trends of 
waves are consistent with Fig.7, but peaks of most waves with 
laying speed of 30m/min are higher than that with laying 
speed of 27m/min. There are no significant processing 
parameters which could control stress waves and release the 
strain energy effectively. It does not need to attach figure with 
the laying speed of 30m/min here. In Fig.8, the curves of the I 
wave propagation along the laying tow with laying speed of 
33m/min are shown: 
 
 
 
 
Fig.8 The curves of the I wave propagation along the laying tow with laying 
speed of 33m/min; (a) 31.29μs; (b) 62.9μs; (c) 93.79μs; (d) 125μs. 
In Fig.8, in addition to the situation with the compaction 
force of 200KPa, the propagation of the I wave also have a 
higher peak and vibration with the compaction force 
of250KPa, at the simulation time of 31.29μs. The trends of 
the other waves are basically consistent with Fig.8 and Fig.9, 
but peaks of the most waves with laying speed of 33m/min are 
lower than that with laying speed of 30m/min. It also shows 
that stress waves can be advantageous controlled with the 
compaction force of 300KPa, even the strain energy of this 
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parameter has already released completely at the end of laying. 
In contrast, the processing parameter with laying speed of 
33m/min, compaction force of 300KPa is better than the 
processing parameter with laying speed of 27m/min, 
compaction force of 150KPa, which is a more efficient 
parameter for controlling the energy. 
5. Conclusion 
(1) The SED of roll nip are calculated by FEM in this study, 
and it appears that propagation of stress wave has an 
important role in the formation of manufacturing defects. 
(2) The I wave velocity is calculated under the different 
loads and simulation time, the results show that the waves 
velocity gradually slow down with the flying of laying time 
because of advantages of plastic wave and rapid variety of 
strain rate. Wave fronts have basically the same positions 
under the different laying speeds, with compaction force of 
150KPa, at the same simulation time.  
(3) The characteristics of stress wave propagation under 
the different processing parameters are revealed and a group 
of processing parameter (laying speed: 33m/min, compaction 
force: 300KPa) which can control the stress waves and release 
the strain energy efficiently. 
This paper could provide a theoretical basis for further 
studying of the effect of stress waves on the manufacturing 
defects and NDT technology.  
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